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Abstract
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1 Introduction
It is widely believed that the standard model (SM) of electroweak interactions [1], although so
far in beautiful agreement with experimental data, is not a final theory, but rather an effective
low energy theory1, valid for energies well below some scale Λ, which characterizes the onset
of a new physics. This scale could be e.g. the mass of yet unobserved heavy particles present
in the spectrum of the more fundamental theory. Integrating out these high energy degrees
of freedom, one ends up with an effective lagrangian which describes only the interactions
of the particles belonging to the low energy part of the original spectrum. Such an effective
lagrangian should reflect the most general features of the original theory such as various types
of symmetries, modes of their realization, anomaly matching conditions etc. On the other
hand it is not constrained to be renormalizable in the usual sense, i.e. it can (and in general
it has to, in order to be consistent) contain interaction terms with canonical dimension larger
then four. These are multiplied with coupling constants, proportional to the inverse powers
of some mass parameter related to the scale Λ, and therefore suppressed with respect to the
renormalizable terms (the SM should be understood within this framework as the lowest order
part of the complete effective lagrangian within the expansion in the powers of Λ−1 ).The low
energy coupling constants (LEC) could be at least in principle calculable (e.g. by integrating
the heavy degrees of freedom order by order in perturbation theory and imposing necessary
matching conditions at the threshold of new physics) provided the fundamental theory were
known. However in the most of applications of the effective lagrangian approach this is not
the case either because the explicit calculations are not possible, or, as in the case of SM,
the fundamental theory of the new physics is not known. Rather one lets these parameters
a priori undetermined and treat them as a useful parameterization of the dynamics of the
yet unknown fundamental theory. Relaxing the constraint of the renormalizability of the
interactions does not mean at all the complete loss of predictivity, which was the traditional
argument for rejecting such theories. As a rule, within the framework of the effective theories
there are well defined expansion prescriptions, which enable one to calculate loops and to
absorb the infinities in the finite number of renormalized LEC at each order. These may be
in principle measured experimentally and then used as an input for other predictions. Going
to higher orders in the expansion, the number of LEC increases considerably, however their
importance decreases because of suppression by negative powers of Λ. One can adopt also
another point of view and use the measurement of various LEC as the experimental tests of
variants of the models of the new physics.
There are generally two different types of effective lagrangians parametrizing the physics
beyond the SM, corresponding to two different scenarios of breaking the gauge symmetry
SU(2)L ⊗ U(1)Y → U(1)em. The ”decoupling scenario” assumes that the scale of the new
physics is much larger than the electroweak symmetry breaking scale, Λ≫ v , (here v is the
vacuum expectation value of the Higgs doublet), the SU(2)L⊗U(1)Y symmetry is then linearly
realized and the low energy spectrum is identical with that of the SM, including the Higgs
particle, which is supposed to be relatively light. The new nonrenormalizable interactions are
1For a recent review and complete list of references on the application of the effective lagrangian approach
within the theory of the electroweak interaction see e.g. [2] and references therein. For the general principles
of the effective lagrangians see also [3].
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organized according to the increasing canonical dimension:
Leff = LSM +
∑
i
f
(6)
i
Λ2
O
(6)
i +
∑
i
f
(8)
i
Λ4
O
(8)
i + . . . (1)
and includes all operators of dimension 6, 8, ... invariant with respect to the SU(2)L⊗U(1)Y .
The ”nondecoupling scenario” on the other hand corresponds to the case Λ ≈ 4πv. The
new physics is related to the symmetry breaking sector of the SM, the gauge symmetry
is realized nonlinearly and the effective lagrangian reflects the dynamics of the would-be
Goldstone bosons eaten by the gauge bosons (and via the equivalence theorem [4], it is related
to the dynamics of the longitudinal components of W± and Z). The most economic form
of such an effective lagrangian for the symmetry breaking sector is given in the form of the
(gauged) nonlinear σ model organized as a derivative expansion
LSBeff =
v2
4
tr(DµU
+DµU) + . . . , (2)
(where U = exp(iξaτa/v) ∈ SU(2), τa are Pauli matrices and ξa are the would-be Goldstone
boson fields, DµU = ∂µU − gŴµU − (ig
′/2)BµU and Ŵµ = (1/2i)W aµ τ
a); the ellipses here
mean terms with four and more derivatives and/or gauge fields, invariant with respect to the
local SU(2)L ⊗ U(1)Y gauge transformation. This has for the U field the following form
U → exp(iαaL
τa
2
)U exp(−iαY
τ3
2
).
In order to preserve the ρ parameter to be close to one, the additional (global) symmetries are
often imposed. The example of such a symmetry is the custodial SU(2)c symmetry, which is
introduced as the unbroken subgroup of the symmetry breaking pattern SU(2)L⊗SU(2)R →
SU(2)c, completely analogous to the pattern of chiral symmetry breaking of QCD with two
light quarks [6]. The field U transforms under SU(2)L ⊗ SU(2)R according to
U → exp(iαaL
τa
2
)U exp(−iαbR
τ b
2
).
and the custodial symmetry corresponds to the diagonal subgroup αaL = −α
a
R. Of course,
gauging then the SU(2)L ⊗ U(1)Y subgroup means the explicit breaking of the SU(2)c by
the terms which vanish for g
′
→ 0. Note also, that there is no Higgs field included in this
type of effective lagrangian. However, also in this case it is possible to extend the model to
account for such a type of particle [5] adding to the lagrangian additional terms containing
SU(2)L ⊗ U(1)Y invariant field H:
LHeff =
1
2
∂µH∂
µH − V (H) + a
(
H
v
)
v2
4
tr(DµU
+DµU)
+b
(
H
v
)2 v2
4
tr(DµU
+DµU) + . . . , (3)
the ellipses stand for terms of higher order as well as for the interaction terms of H field with
SM fermions. The SM Higgs is recovered for
V (H) =
m2H
8v2
((H + v)2 − v2)2
a = 2, b = 1. (4)
2
In the unitary gauge, both these scenarios lead to the U(1)em invariant effective lagrangian
with anomalous couplings. E.g. in the gauge boson sector, there are besides other contri-
butions the following triple gauge boson couplings, which are usually written in the form of
phenomenological lagrangian (we have omitted possible C or CP violating terms)2
LWWVeff =
∑
V=γ,Z
gV [ig
V
1 (W
+
µνW
µV ν −WµνW
+µV ν) + iκVW
+
µ WνV
µν (5)
+i
λV
m2W
W+νµW
µ
λ V
λν ], (6)
where Wµν = ∂µWν − ∂νWµand analogously for V , gγ = −e and gZ = −g cos θW . Note,
that within the SM, gV1 = κV = 1, λV = 0. The constants κγ and λγ can be interpreted in
terms of the anomalous magnetic and quadrupole moment of the W bosons, gV1 corresponds
to the gauge U(1) charges of the W in the the units of gγ an gZ . Recent constraints on these
couplings [7] come from the studies of Wγ events at Fermilab Tevatron; the CDF and D0
results are −1.6 < ∆κγ < 1.8 and −0.6 < λγ < 0.6. Direct measurement will be also available
at LEP2 [8].
2 Divergences within the effective theory and the dependence
on the scale of the new physics
The U(1)em invariant phenomenological lagrangians reviewed in the previous section were
often used in various calculations and treated as specific models of the deviations from the
SM physics. There was certain controversy in the literature concerning the treatment of the
divergences, which appear in the loops with anomalous vertices. Some of the authors used
in one or another way the momentum cutoff at the scale of new physics Λcutoff = ΛNP = Λ.
Within this approach, which seems to be very physically illuminating, the principle [9] was
used, that the divergent graph cut off at the scale where the effective theory looses its validity
due the onset of the new physics gives a lower bound to the actual value of the graph in
the full theory. I.e., in practise, only the most divergent contribution of the loop integral to
the given amplitude was kept and used as the estimate of the dependence of the full theory
amplitude on the scale of the new physics.The appearance of the divergences was therefore
interpreted as an indication, that the process under consideration is strongly sensitive to the
scale of the new physics.
This approach has been criticized (see e.g. the paper [9]) because it is in conflict with the
decoupling theorems and gives ambiguous results. Moreover, as usual, it highly overestimates
the dependence of the result on the scale3 Λ .
However, there are explicit examples discussed e.g. in [9] illustrating that the momentum
cutoff could yield correct results4. As usual, it is not possible to resolve whether this is the
case before performing explicit calculations.
2In fact, in such a phenomenological lagrangian the coupling constant should be understood in general as
q dependent formfactors.
3Λ appears in the results calculated within this approach in a positive power (or logarithm) coming from
the power counting order of the divergent loops.
4The result depends strongly on the choice of the field variables. The correct dependence on the scale of the
new physics can be read off from the cutoff dependence of the loops only using the ”good” variables. However,
there is no clear criteria how to decide, whether the choice of variables is ”good” or ”bad”.
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In this paper we would like to briefly illustrate this general situation by using an explicit
example of the W -boson loops contribution to the process H → γγ calculated within simple
U(1)em invariant phenomenological lagrangian in the unitary gauge using two regularization
schemes. We will show, that there are differences between the momentum cutoff approach
and another approach based on dimensional regularization with minimal subtractions, which
was advocated in [9] and which should be accepted as the procedure giving the correct answer.
We will therefore conclude, that the process H → γγ is not reckoned among the cases, which
could be treated correctly within the momentum cutoff prescription in the unitary gauge.
The paper is organized as follows. In Section 2 we introduce a specific model of the
effective lagrangian with anomalous gauge boson couplings and present the results for the
amplitude H → γγ calculated within the two above mentioned schemes. In Section 3 we
discuss the result of the calculations from the general point of view which was sketched in the
Introduction. The comparison of the two approaches with respect to the dependence of the
decay amplitude on the scale of the new physics and the conclusions are presented in Section
4. The details of the calculation of the amplitude are postponed to the Appendix.
3 H → γγ within the effective lagrangian approach - a specific
model
The theoretical concentration on the decay H → γγ in the recent literature [10] – [14] is
motivated by the fact that this rare decay mode could serve as the main source of the exper-
imental signal for the Higgs particle with the mass within the lower part of the intermediate
mass range mZ < mH < 2mW on hadron colliders (e.g. LHC).
Within the Standard Model, this decay channel of the Higgs boson is described at lowest
order by a sum of one-loop Feynman diagrams, this sum is ultraviolet finite (the reason is that
there is no tree-level Hγγ interaction in the SM lagrangian; SM is a renormalizable theory, so
that the Hγγ counterterms cannot be present). As a result, one gets for the decay amplitude
an expression of the following form [10], the tensor structure of which reflects the Lorentz
invariance and U(1)em gauge invariance:
M(H → γγ) =
e2g
16π2
1
mW
ε⋆µ (k) ε
⋆
ν (l)
[
1
2
m2Hg
µν − kν lµ
] ∑
i=s,f,g
Ncie
2
iFi. (7)
The decay rate is then
Γ(H → γγ) =
α3
128π2 sin2 θW
m3H
m2W
∣∣∣∣∣∣
∑
i=s,f,g
Ncie
2
iFi
∣∣∣∣∣∣
2
. (8)
Here
Fs = τs
(
1− τsI
2
)
Ff = −2τf
[
1 + (1− τf ) I
2
]
Fg = 2 + 3τg + 3τg (2− τg) I
2 (9)
4
are the contributions of the scalar, fermion and vector boson loops resp.,
τi = 4
(
mi
mH
)2
Nci = 1 for i = leptons, scalars and vector bosons (10)
Nci = 3 for i = quarks,
ei is electric charge of the loop particle in units of e, and
I =
{
arctan 1√
τ−1 , τ > 1
1
2
[
π + i ln
∣∣∣1+√1−τ
1−√1−τ
∣∣∣] , τ < 1 . (11)
It was believed that this process could be significantly influenced by possible deviations
from the Standard Model, mainly in the gauge boson sector. To parametrize the physics be-
yond the Standard Model one can employ the effective lagrangian approach sketched above.
This was done in several papers (see e.g. [11] – [14]); the specific forms of the used effective
lagrangians vary among different authors. Since the additional effective couplings are gener-
ally of a non-renormalizable type, the resulting decay amplitude is, in contrast to the SM, UV
divergent, so that the loop integrals have to be regularized to obtain reasonable predictions.
This is another point, at which the above mentioned papers differ.
In order to illustrate this general situation we would like to present here a complementary
alternative to the treatment contained in the work [11], in which the W -boson contribution
to the decay width H → γγ was calculated within the effective lagrangian approach. Using
the same form of an effective lagrangian as in [11], we would like to demonstrate the dif-
ferences resulting from a different cutoff prescription. We will also shortly comment on the
interpretation of the output of the explicit calculations.
Let us first briefly review the main results of [11] and the way they were obtained. As
the phenomenological lagrangian describing the gauge boson sector it was used the U(1)em
invariant lagrangian L introduced originally in [15] (cf. also [16] ), conserving C and P
separately. In the same notation as in[11], this phenomenological lagrangian is given in the
unitary gauge as a sum of three terms
L = L1 + L2 + L3, (12)
where
L1 = −
1
2
Ĝ†µνĜ
µν +m2WW
†
µW
µ +
1
2
m2ZZµZ
µ (13)
L2 = −
1
4
∑
V=γZ
F̂ (V )µν F̂
(V )µν (14)
L3 =
∑
V=γZ
igV λV
m2W
F̂ (V )µν Ĝ
†µρĜ νρ . (15)
Here
Ĝµν = (∂µ − igγAµ − igZZµ)Wν − (∂ν − igγAν − igZZν)Wµ
F̂ (V )µν = F
(V )
µν + igV κV
(
W †µWν −W
†
νWµ
)
5
F (V )µν = ∂µVν − ∂νVµ
gγ = e
gZ = g cos θW . (16)
Let us note, that the triple gauge boson couplings correspond to (6) with gγ1 = g
Z
1 = 1. The
relation gγ1 = 1 is quite natural, because it expresses the conservation of the electric charge
of W bosons, i.e. the WWγ couplings derived from L are independent linear combination
of the most general U(1)em terms conserving C and P . This is, however, not true for the
WWγγ couplings; here the possible interaction terms are not parametrized by independent
LEC but multiplied by very specific combinations of κγ and λγ . For κV = 1 and λV = 0, the
lagrangian L reduces to the lagrangian of SM in the unitary gauge.
In addition to the above lagrangian of the gauge sector, the Higgs boson was included
with the standard couplings to W boson pair,
LWWH = gmWW
+
µ W
µH. (17)
We can think about the above U(1)em invariant phenomenological lagrangian as being
produced by fixing the unitary gauge in the SU(2)L⊗U(1)Y invariant lagrangian within both
decoupling and nondecoupling scenarios. Within the nondecoupling scenario, there are three
operators of the order O(p4) in the derivative expansion and three operators of the order
O(p6) needed to reproduce the structure of the lagrangian (12) in the unitary gauge, namely5
L =
1
2
trŴµνŴ
µν −
1
4
BµνB
µν +
v2
4
tr(DµU
+DµU)
+
1
4g2
(s2W∆κγ + c
2
W∆κZ)tr(T [Vµ, Vν ])tr(T [V
µ, V ν ])
−
1
2g
(s2W∆κγ + c
2
W∆κZ)tr(TŴµν)tr(T [V
µ, V ν ])
+
i
2g
sW cW (∆κγ −∆κZ)Bµνtr(T [V
µ, V ν ])
+
2
3
g
m2W
(s2Wλγ + c
2
WλZ)tr(ŴνµŴ
µρŴ νρ )
−i
g
m2W
sW cW (λγ − λZ)Bνµtr(TŴ
µρŴ νρ )
−
1
m2W
(sWλγ∆κγ + cWλZ∆κZ)tr(T [Vν , Vµ])tr(TŴ
µρŴ νρ ), (18)
5In fact, the operator tr(T [Vµ, Vν ])tr(T [V
µ, V ν ]) can be expressed in terms of the following elements of the
operator basis introduced in [20]:
tr(T [Vµ, Vν ])tr(T [V
µ, V ν ]) = 4([tr(VµVν)]
2
− [tr(VµV
µ)]2 − tr(VµVν)tr(TV
µ)tr(TV ν)
+ tr(VµV
µ)tr(TVν)tr(TV
ν)).
The same can be done with the operator tr(T [Vν , Vµ])tr(TŴ
µρŴ νρ ), here
tr(T [Vν , Vµ])tr(TŴ
µρŴ νρ ) = tr(VνVµ)tr(Ŵ
µρŴ νρ )− tr(VµŴ
µρ)tr(Ŵ νρ Vν)
+2tr(TVµ)tr(TŴ
µρ)tr(Ŵ νρ Vν)− 2tr(TŴ
ν
ρ )tr(TVµ)tr(VνŴ
µρ)
6
where
T = Uτ3U+, Vµ = (DµU)U
+, DµU = ∂µU − gŴµU + g
′
UB̂µ,
Ŵµ =
1
2i
W aµτ
a, B̂µ =
1
2i
Bµτ
3,
Ŵµν = ∂µŴν − ∂νŴµ − g[Ŵµ, Ŵν ], Bµν = ∂µBν − ∂νBµ
and ∆κV = κV − 1. The lagrangian (17) can be obtained in the same way from O(p
2) term
LWWH =
v2
2
(
H
v
)
tr(DµU
+DµU).
Within the decoupling scenario, the same anomalous gauge boson couplings are reproduced
by the lagrangian with two dimension 6, three dimension 8 and one dimension 10 operators
(cf. e.g. [17]) :
L =
1
2
trŴµνŴ
µν −
1
4
BµνB
µν +DµΦ
+DµΦ
+
4i
gv2
sW cW (∆κγ −∆κZ)BµνD
µΦ+DνΦ
+
2
3
g
m2W
(s2Wλγ + c
2
WλZ)tr(ŴνµŴ
µρŴ νρ )
+
16
gv4
(s2W∆κγ + c
2
W∆κZ)Φ
+ŴνµΦD
µΦ+DνΦ
+
4
gv4
(s2W∆κγ + c
2
W∆κZ)[D
µΦ+DνΦ−DνΦ+DνΦ]2
+
4i
m2W v
2
sW cW (λγ − λZ)BνµΦ
+Ŵ µρŴ νρ Φ
+
16
m2W v
4
(sWλγ∆κγ + cWλZ∆κZ)
×(DµΦ+DνΦ−DνΦ+DνΦ)Φ+Ŵ µρŴ νρ Φ, (19)
Here Φ is the SM Higgs doublet , sW = sin θW , cW = cos θW and D
νΦ = ∂µΦ − gŴµΦ +
ig
′
/2BµΦ. The standard Higgs boson coupling (17) stems now from the third term of (19).
Such a lagrangian produces, however, also anomalous Higgs boson couplings, which were not
considered in [11].
Both the nondecoupling and decoupling interpretations of the origin of the phenomenolog-
ical lagrangian (12) illustrate again the fact, that this lagrangian is incomplete in the sense,
that it does not contain all the independent linear combinations of the full set of the operators
up to a given dimension or number of (covariant) derivatives6. Nevertheless, we use it here as
it stands for the illustrative purposes, mainly because of the relative calculational simplicity.
6Let us also note that the suppression of the higher dimension or higher order operators does not correspond
to the usual factors of the type 1/Λ2 for the decoupling scenario and 1/(4piv) for the nondecoupling scenario,
but rather to the factor g2/m2W ∼ 1/v
2 . The reason is, that the contributions of all the operators to the
parameters κγ and λγ should have the same order of magnitude in order to reproduce the lagrangian 12.
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In the paper [11], only the WWH, WWγ and WWγγ vertices derived from the above
lagrangian (12) were used in the calculation of the W -boson contribution to the H → γγ
decay width. The calculation was performed in the unitary gauge. There are two types of
Feynman diagrams, namely the triangle (and corresponding cross diagram) and the tadpole;
both of them, when regulated using momentum cutoff, lead to the quadratic divergent loop
integrals. The sum of these diagrams remain UV divergent unless κγ = 1 and λγ = 0, as it
was explained above. The result given in [11] was presented in the form of the sum of the
(cutoff independent) SM expression and the (cutoff dependent) correction. The latter was
identified with the quadratic divergence of the diagrams with at least one anomalous vertex
proportional κγ − 1 and/or λγ . I.e.
Fg = 2 + 3τg + 3τg (2− τg) I
2
+
(
Λ
mW
)2 (
3∆κγ − 4λγ + λ
2
γ +
1
2
∆κ2γ
)
, (20)
and the cutoff of the loop momentum Λ was interpreted as the scale where the new physics
comes in. Because the divergences are local, within this approach the effect of the loops with
anomalous gauge boson coupling is equivalent to some direct Hγγ interaction vertex. It is
not difficult to see, that it corresponds to the vertex of the type
LHγγ = Geffe
2
(
H
v
)
FµνF
µν ,
where the effective coupling constant reads
Geff =
1
(4π)2
(
Λ
mW
)2 (
3∆κγ − 4λγ + λ
2
γ +
1
2
∆κ2γ
)
. (21)
As an alternative to this, let us present here the result of our calculation (the details of
the calculation can be found in the Appendix) of the same quantity Fg within dimensional
regularization and MS subtraction scheme. Such a treatment was advocated in [9]. The
result can be split up to the finite and divergent parts in the following way
Fg = F
fin
g + F
div
g , (22)
where the finite part is
F fing = 3− κγ
2 + 3 τg + 2λγ + 6κγ λγ − 5λγ
2
+
(
−1 + 2κγ − κγ
2 + 2λγ − 2κγ λγ − λγ
2
+
(
3 + 2κγ + κγ
2 − 2λγ − 2κγ λγ + λγ
2
)
τg − 3 τg
2
)
I2
+(−3− 2κγ + 5κγ
2 − 2λγ + 2κγ λγ +
25
3
λγ
2)
1
τ g
+
(
8− 4κγ − 4κγ
2 + 8λγ + 8κγ λγ − 14λγ
2
+(−4 + 4κγ
2 + 8λγ
2)
1
τ g
8
+
(
−4 + 4κγ − 8λγ − 8κγ λγ + 6λγ
2
)
τg
) I
J
+
(
−8λγ − 4κγ λγ + 6λγ
2 + (2− 2κγ
2 − 4λγ
2)
1
τ g
)
ln
(
mW
2
µ2
)
(23)
and the divergent part is
F divg =
(
−8λγ − 4κγ λγ + 6λγ
2 + (2− 2κγ
2 − 4λγ
2)
1
τ g
)
×
(
2
4−D
− γE + ln(4π)
)
. (24)
In these formulae D = 4− 2ǫ and
J =
{ √
τg − 1, τg > 1
−i
√
1− τg, τg < 1
. (25)
4 Discussion
Let us now briefly discuss how to interpret this result. As we have shown above, the la-
grangian (12) is a mixture of terms stemming from operators with different dimensions (from
6 up to 10 in the framework of the decoupling scenario) and different orders in the momentum
expansion (from O(p2) up to O(p6) in the framework of the nondecoupling scenario). As a
consequence, the formulas (23), (24) do not respect the hierarchy of contributions originating
from the hierarchy of the tower of effective operators, which is the cornerstone of the consis-
tent treatment of the nonrenormalizable couplings within the effective lagrangian approach.
Therefore, in order to extract the partial information about the relevant dependence on the
scale of the new physics Λ, it is necessary to reorganize the resulting formulas and to keep
only the terms, which are dominant within the two possible scenarios reviewed in the Sec. 1.
Within the framework of the decoupling scenario, we expect that we can safely neglect7 the
operators of dimension 8 and higher and keep only operators of dimension 6. The lagrangian
(19) contains two such operators (we use here the notation of [19]), namely
OB =
ig
′
2
BµνD
µΦ+DνΦ,
OWWW = −
g3
3!
tr(ŴνµŴ
µρŴ νρ ), (26)
so that we can use (23,24) to get information about the contribution of these two operators
only.
7However,as it was shown in [18], in the case when the fundamental full theory is weakly coupled gauge
theory, the operators of dimension 8 should also contribute significantly provided they can be generated at
the tree level. In this case their contribution is comparable with that of the one loop generated dimension
6 operators, which are multiplied by additional factor 1/16pi2. This factor can be of the same size like the
suppression factor v2/Λ2 of the dimension 8 operators, provided the scale of new physics is in the range of a
few TeV.
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As far as the WWγ and WWγγ couplings used for the above calculation of the decay
amplitude are concerned, the presence of the term (αB/Λ
2)OB in the lagrangian generates
effectively a contribution to the phenomenological parameter ∆κγ (and not to the λγ)
∆κBγ =
1
2
m2W
Λ2
αB , (27)
while the term (αWWW/Λ
2)OWWW contributes to the λγ (and not to the ∆κγ)
λWWWγ = −
1
4
g2
m2W
Λ2
αWWW . (28)
I.e., within the decoupling scenario, the natural values of the parameters ∆κγ and λγ are of
the order O(
m2
W
Λ2
) and O(g2
m2
W
Λ2
) respectively8 and the leading order anomalous contribution
is therefore
F fing = 2 + 3τg + 3τg (2− τg) I
2
−2∆κγ + 8
(
λγ +∆κγ
1
τg
)
− 4λγτgI
2
+4
[
4λγ − 3∆κγ + 2∆κγ
1
τg
+ (∆κBγ − 4λγ)τg
]
I
J
−4(3λγ +∆κ
B
γ
1
τg
) ln
(
mW
2
µ2
)
+O
(
1
Λ4
)
(29)
F divg = −4
(
3λγ +∆κγ
1
τg
)(
2
4−D
− γE + ln(4π)
)
. (30)
According to the renormalization prescription for the decoupling scenario, the divergent
part should be cancelled by the contributions of the appropriate counterterms stemming from
effective operators of dimension 6. In the unitary gauge, such a counterterm has the form9
LHγγ = GHγγ
v2
Λ2
e2
(
H
v
)
FµνF
µν , (31)
where GHγγ is an effective (running) coupling constant
10. This brings about the following
8Let us stress that within the full SU(2)×U(1) approach, the operator OB would induce also the anomalous
HWWγ coupling; however within the lagrangian (19) this contribution is cancelled by the contributions of
the higher dimension operators with unnaturally large coupling constants. That is, the lagrangian (19) does
not allow to get the full information on the influence of the operator OB on the process H → γγ using the
above formulas (23,24), which is restricted to the effect of the anomalous WWγ andWWγγ vertices generated
by OB . On the other hand, the contribution of the loops with one insertion of the anomalous WWγ and
WWγγ vertices generated by dimension 6 operators (26) can be inferred therefore from (23,24) by means of
the expansion to the order O(∆κγ , λγ).
9Here we explicitly factored out the suppression factor v2/Λ2 of the dimension 6 operators. There could be
also additional suppression of the order 1/(4pi)2 for the one loop generated dimension 6 operators.
10This form of interaction is generated e.g. by fixing the unitary gauge in the following dimension 6 operators
OWW = g
2Φ+ŴµνŴ
µνΦ,
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additional contribution to the function Fg :
FHγγg =
(4πv)2
Λ2
GHγγ . (35)
.
The above result of the loop calculation can be also used to get information on the scale
dependence of the effective constant GHγγ . In order to ensure the scale independent result
for the decay rate it should hold12
GHγγ(µ
′) = GHγγ(µ)−
Λ2
(4πv)2
8
(
3λγ +∆κγ
1
τg
)
ln
(
µ′
µ
)
+ . . .
Within the framework of the nondecoupling scenario, the lowest order anomalous contri-
bution can be obtained by keeping only the contribution of the O(p4) operators. There are
three such operators in the lagrangian (18). The remaining three operators are of order O(p6),
these operators are proportional to the parameters λV . I.e. setting λγ → 0 in the formulas
(23,24) and expanding to the first order in ∆κγ we get the leading order contribution to the
decay amplitude from the very specific combination of the O(p4) operators (here we use the
same notation as in [20])
L2 = i
g
′
2
Bµνtr(T [V
µ, V ν ])
L4 = [tr(VµVν)]
2
L5 = [tr(VµV
µ)]2
L6 = tr(VµVν)tr(TV
µ)tr(TV ν)
L7 = tr(VµV
µ)tr(TVν)tr(TV
ν))
L9 = i
g
2
tr(TŴµν)tr(T [V
µ, V ν ]), (36)
with coefficients given by (18), cf. also footnote 5. The trilinear vector boson coupling is
generated by the operators L2 and L9. Explicitly, the presence of the terms
L = α2
v2
Λ2
L2 + α9
v2
Λ2
L9 (37)
OBB = −
g
′
2
4
Φ+BµνB
µνΦ,
OBW = −
igg
′
2
Φ+BµνŴ
µνΦ. (32)
Writing the corresponding terms of the effective lagrangian in the form
Lct =
αWW
Λ2
OWW +
αBB
Λ2
OBB +
αBW
Λ2
OBW (33)
we have11
GHγγ = −
1
4
(αWW + αBB − αBW ), (34)
Let us also note, that the operators (33) lead to the gauge boson wave function renormalization and mixing,
as well as to the anomalous HWWγ and HWWγγ vertices, which should also be included in the complete
analysis of the process under consideration, however these effects are not discussed here.
12Within the full SU(2)×U(1) approach, the ellipses here would stand for the other terms coming from the
other graphs with vertices generated by OB as well as from other dimension 6 operators not considered here.
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in the effective lagrangian give rise to the following contribution to the parameter ∆κγ :
∆κγ = −g
2 v
2
Λ2
(α2 + α9) = −4
m2W
Λ2
(α2 + α9), (38)
i.e. the natural value for the coupling ∆κγ of the lagrangian (18) is of the order O(
m2
W
Λ2 ). For
the leading order contribution to the function Fg we get then
F fing = 2 + 3τg + 3τg (2− τg) I
2
+2∆κγ
(
− 1 + 4
1
τg
+ 2
[
−3 + 2
1
τg
+ τg
]
I
J
− 2
1
τg
ln
(
mW
2
µ2
))
+O
(
1
Λ4
)
(39)
F divg = −4∆κγ
1
τg
(
2
4−D
− γE + ln(4π)
)
. (40)
Note, that the divergent part is proportional to the m2H = (k + l)
2, this reflects the fact that
in the nondecoupling case the divergencies should be canceled by O(p6) counterterms. In the
unitary gauge such a counterterm has the form13
LHγγ = G˜Hγγe
2 v
2m2H
Λ4
(
H
v
)
FµνF
µν , (41)
where G˜Hγγ is an effective coupling constant and we have
FHγγg =
m2H
Λ2
G˜Hγγ . (42)
Also in this case we can infer information on the running of this effective coupling; the scale
dependence coming from the graphs with the above mentioned specific combination of O(p4)
operators should be14
G˜Hγγ(µ
′) = G˜Hγγ(µ)− 2∆κγ
(
Λ2
4πvmW
)2
ln
(
µ′
µ
)
+ . . .
5 Conclusions
Let us now compare these results with those of ref. [11]. Inserting the dimensional analysis
estimates (27, 28, 38) of the parameters ∆κγ and λγ within both scenarios to the cutoff
analysis formula and using the principle quoted in the Sec.2 (20), we get the following lower
bound on the dependence of the function ∆Fg on the scale of the new physics:
13Here again the suppression factor v2m2H/Λ
4 corresponding to the naive dimensional analysis was factored
out. The natural value of the symmetry breaking scale is Λ ∼ 4piv.
14Here, within the full nondecoupling approach, the ellipses would mean the contributions of operators not
listed above.
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∆F cutoffg =
3
2
αB + g
2αWWW +O
(
m2W
Λ2
)
(43)
for the decoupling scenario and
∆F cutoffg = −12(α2 + α9) +O
(
m2W
Λ2
)
(44)
for the nondecoupling scenario. I.e. in this scheme the natural values of the anomalous
contribution are (independently on the scale of the new physics) O (1) , provided the natural
values of the LEC αB , αWWW , α2 and α9 are of the order O (1). On the other hand, within
the dimensional regularization approach the dominant anomalous contribution to the function
Fg comes from the direct interaction terms (cf. formulas (35, 42)) and the µ dependent loop
logarithms. For the purpose of the dimensional analysis, we can (using the equations for the
running of the LEC) interpret the scale µ as a scale at which the constants GHγγand G˜Hγγ
acquire their natural values of order O (1). This is expected to correspond to the point at
which the underlying high energy theory is matched with the low energy effective lagrangian,
i.e. to the scale of the new physics Λ. We have then the following estimate
∆FDRg =
(4πv)2
Λ2
GHγγ −
(
1
2
m2H
Λ2
αB − 3g
2m
2
W
Λ2
αWWW
)
ln
(
mW
2
Λ2
)
+ . . .
= O
(
(4πv)2
Λ2
)
+O
(
m2H
Λ2
ln
(
mW
2
Λ2
))
+ . . .
for the decoupling case (there could be an overall factor 1/(4π)2 for the loop generated
dimension 6 operator contribution) and
∆FDRg =
m2H
Λ2
G˜Hγγ + 4(α2 + α9)
m2H
Λ2
ln
(
mW
2
Λ2
)
+ . . .
= O
(
m2H
Λ2
)
+O
(
m2H
Λ2
ln
(
mW
2
Λ2
))
+ . . .
for the nondecoupling case. The ellipses here mean further terms, unimportant from the
numerical point of view.
We can make the following conclusion.The above formulas show, that the cutoff scheme is
in disagreement with dimensional analysis approach in this special case of the calculation of
the processH → γγ. In the often considered cases (e.g. Λ = 1TeV for the decoupling scenario
and loop generated dimension 6 operators, or Λ ≤ 4πv and mH < Λ for the nondecoupling
scenario) the formulas (43), (44) overestimate the enhancement or suppression of the decay
rate of the process under consideration. Therefore, this explicit example does not rank among
the cases, which could be treated correctly within the momentum cutoff prescription. This
corresponds to the general expectations expressed in the ref. [9], where further examples of
both the failure and success of cutoff analysis within the unitary gauge can be found.
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Figure 1: Feynman rules for theWWγ and WWγγ couplings. All the momenta are in-going.
The explicit expressions for the vertex functions are given in the Appendix.
Appendix
In this Appendix, we display some explicit formulas illustrating the calculation of the de-
cay rate H → γγ within the framework of the dimensional regularization. The W -boson
propagator in the unitary gauge is given by the formula
∆µνF (k) = −
i
(
gµν − kµkν
m2
W
)
k2 −m2W + iε
and the Feynman rules for the HWW , WWγ and WWγγ couplings are depicted in Fig. 1
The corresponding vertex functions are
Γ
(3)
αβδ(k, p, r) = ie{gαβ(p− k)δ + gαδ(k − r)β + gβδ(r − p)α
+∆κγ(gβδrα − gαδrβ)
+
λγ
m2W
[(k · p)(gβδrα − gαδrβ) + (r · k)(gαβpδ − gβδpα)
+(r · p)(gαδkβ − gαβkδ) + rβkδpα − rαkβpδ]} (45)
and
Γ
(4)
αβδτ (k, p, r, l) = −ie
2(2gαβgδτ − gαδgβτ − gατgbδ) (46)
+
ie2λγ
m2W
{−gαβgδτ [(r + l) · (k + p)]
+gαδgβτ [(r · p) + (l · k)]
+gατgβδ [(r · k) + (l · p)]
+gαδ[(k − p)τrβ − rτkβ − lβkτ ]
+gατ [(k − p)δlβ − rβpδ − lδkβ ] (47)
+gβδ[−(k − p)τ rα − rτpα − lαpτ ]
+gβτ [−(k − p)δlα − lδpα − rαpδ]
+gαβ[(k + p)δrτ + (k + p)τ lδ]
+gδτ [kβ(r + l)α + pα(r + l)β ]}. (48)
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Figure 2: The triangle and bubble graphs contributing to one loop amplitude of the decay
H → γγ.
In these expressions, the first rows represent the standard model vertices. The decay
amplitude is then given by the formula
M(H → γγ) = ε⋆µ1(k1)ε
⋆µ2(k2)Mµ1µ2 , (49)
where k1,2 are the momenta of the out-going photons and ε’s are their polarization vectors.
The polarization tensor Mµ1µ2 can be splitted into two parts
Mµ1µ2 =M
a
µ1µ2
+Mbµ1µ2 , (50)
where Maµ1µ2 is the contribution of the triangle shown in Fig. 2a (and correspondig crossed
graph) and Mbµ1µ2 corresponds to the bubble in Fig. 2b, i.e.
Maµ1µ2 =
∫
dDl
(4π)D
Aaµ1µ2(k1,k2, l)[
(l + k1)
2 −m2W
] [
(l − k2)
2 −m2W
] [
l2 −m2W
]
+
∫
dDl
(4π)D
Aaµ2µ1(k2, k1, l)[
(l + k2)
2 −m2W
] [
(l − k1)
2 −m2W
] [
l2 −m2W
] (51)
Mbµ1µ2 =
∫
dDl
(4π)D
Abµ1µ2(k1,k2, l)[
l2 −m2W
] [
(l − k1 − k2)
2 −m2W
] . (52)
Here
Aaµ1µ2(k1,k2, l) = igmW
(
gαµ −
(k1 + l)α(k1 + l)µ
m2W
)
Γ(3)µνµ1(k1 + l,−l,−k1)
(
gvκ −
lν lκ
m2W
)
×Γ
(3)
κλµ2
(l,−l + k2,−k2)
(
gλα −
(l − k2)λ(l − k2)α
m2W
)
(53)
and
Abµ1µ2(k1,k2, l) = igmW
(
gασ −
(k1 + k2 + l)α(k1 + k2 + l)σ
m2W
)
×Γ
(4)
σβµ1µ2
(k1 + k2 + l,−l,−k1,−k2)
(
gβα −
lβlα
m2W
)
. (54)
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Using the standard Feynman parametrization and shifting the loop momenta we get the
following reprezentation, which allows for symmetric integration over the loop momentum
according to the standard formulas for the D-dimensional integration:
Maµ1µ2 = 2
∫ 1
0
duudv
∫
dDl
(4π)D
Aaµ1µ2(k1,k2, l − (uvk1 − u(1− v)k2)) + ((k1,µ1)↔ (k2,µ2))
(l2 − Ca(u, v))3
,
(55)
where
Ca(u, v) = m2W −m
2
Hu
2v(1− v) (56)
and
Mbµ1µ2 =
∫ 1
0
du
∫
dDl
(4π)D
Abµ1µ2(k1,k2, l − u(k1 + k2))
(l2 − Cb(u))2
, (57)
where
Cb(u) = m2W +m
2
Hu(1− u). (58)
The rest of the calculation ( i.e. expansion of the numerators of the integrands (55) and
(57), the symmetric integration over the loop momenta, the integration over the Feynman pa-
rameters and extraction of the finite and divergent parts) was performed using Mathematica.
We also used the Mathematica package FeynCalc [21], which proves to be extremely useful
for this purpose.
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